. However, engaging in avoidance behaviour incurs the cost of lost social benefits (e.g. antipredator defence, foraging efficiency and mating opportunities: Croft et al., 2011; Seppälä, Karvonen, & Valtonen, 2008; Schaller, 2011) .
The outcome of this trade-off may be determined by the probability contact with a particular infected individual will result in transmission or its "infectiousness." Infectiousness is highly heterogeneous in natural populations: The vast majority of transmission events involve a minority of infected individuals (Lloyd-Smith et al., 2005; Paull et al., 2012) . How infectious an individual is depends on the characteristics of its infection. For example, across a variety of systems, the number of parasites an individual is infected with, its "infection load," is an important predictor of the number of infectious particles it releases and hence the transmission risk it poses to uninfected conspecifics (e.g. Aiello et al., 2016; Matthews et al., 2006; Stephenson et al., 2017) . As well as variation between individuals, a single individual's infection load and hence infectiousness is, for many disease systems, likely to change through the course of infection (Poulin, 2007; Schmid-Hempel, 2011) . Infection duration also encompasses variation in the strength of the host's immune response, symptoms and behaviour, as well as the demography of the infecting parasites and their ability to transmit and establish infections on new hosts (Aiello et al., 2016; Bakke, Cable, & Harris, 2007; Charleston et al., 2011; Chase-Topping, Gally, Low, Matthews, & Woolhouse, 2008; Fraser et al., 2014; Schmid-Hempel, Puhr, Krüger, Reber, & Schmid-Hempel, 1999; Scott & Anderson, 1984; Therese & Bashey, 2012) . Given this heterogeneity, natural selection should favour the evolution of mechanisms that maximize the cost-benefit balance of association and avoidance, such as avoidance behaviour that is sensitive to the transmission risk posed by individual conspecifics.
The prediction that uninfected individuals mitigate the risk posed by infectious individuals by modulating their own avoidance behaviour can be formalized using an epidemiological modelling framework. In such models, the effective contact rate, β, is the product of the contact rate between infected and uninfected individuals (behavioural component of β, β c ) and the transmission rate per contact, which is often driven by the infected hosts' response to the parasites, mediated by infection load (physiological component of β, β p ; Anderson & May, 1991; Lloyd-Smith et al., 2005; Hawley et al., 2011; VanderWaal & Ezenwa, 2016) . Historically, models have assumed homogeneous population mixing and transmission risk, that is mean field estimates of β c and β p , but this typically leads to overestimated transmission rates (Keeling & Grenfell, 2000) . More recent work has demonstrated that incorporating empirical estimates of heterogeneity in both β c and β p improves model fit to natural disease dynamics (see Aiello et al., 2016 and references therein) , but that β c and β p may themselves covary has been largely ignored. However, this covariation has potentially powerful implications for disease dynamics. For example, using a simple modelling framework, Hawley et al. (2011) showed that behaviourally mediated covariation in β c and β p , such as risk-sensitive avoidance of infectious conspecifics, can mean the difference between a parasite invading a host population or fading out. Despite this, empirical tests of how β c and β p covary in natural systems are still lacking (Hawley et al., 2011; VanderWaal & Ezenwa, 2016) .
We used the guppy Poecilia reticulata-Gyrodactylus turnbulli host-parasite system to experimentally test for risk-sensitive avoidance of infectious conspecifics. G. turnbulli is an ectoparasitic monogenean that reproduces on the host's skin with a generation time of 24 hr and transmits directly through close contact between socially interacting hosts (Stephenson, van Oosterhout, Mohammed, & Cable, 2015) . Gyrodactylus spp. parasites are the most prevalent multicellular parasites in wild guppy populations (Stephenson, van Oosterhout, Mohammed, et al. 2015) and are associated with reduced guppy body condition , attractiveness (Kennedy, Endler, Poynton, & McMinn, 1987) and survival (Stephenson, Kinsella, Cable, & van Oosterhout, 2016; van Oosterhout et al., 2007) . The ability to recognize and avoid infected individuals is therefore likely to be under strong selection and there is some evidence that it occurs; the presence of infected conspecifics reduces shoal cohesion in semi-natural conditions (Croft et al., 2011) . However, the loss of shoal cohesion as a result of this infection-avoidance behaviour carries a cost: Less cohesive fish shoals are more vulnerable to predation (Seppälä et al., 2008) . If guppies balance this trade-off by employing risk-sensitive avoidance of infected conspecifics, avoidance should be positively correlated with infection duration: Infection load initially increases over the course of infection and is an important predictor of transmission risk (Stephenson et al., 2017) .
Beyond favouring the evolution of risk-sensitive behaviour, natural selection should favour the use of cues appropriate to the sensory environment. For example, in static water bodies, chemical cues may provide reliable information, but turbidity may limit the usefulness of visual cues; correspondingly, tadpoles use chemical but not visual cues to avoid infected conspecifics (Kiesecker et al., 1999) . By contrast, in habitats characterized by dynamic sensory environments, selection should favour the use of multiple sensory modalities to detect and respond to redundant cues (i.e. those that elicit the same response in receivers when presented in isolation; Partan & Marler, 2005) . Such cue redundancy is most likely to evolve in habitats in which no single sense is continuously informative. Previous work has shown that they are able to use chemical cues to monitor temporally variable physiological characteristics in conspecifics (reproductive status : Brask, Croft, Thompson, Dablesteen, & Darden, 2012; disease: Stephenson & Reynolds, 2016) and have excellent vision (Anstis, Hutahajan, & Cavanagh, 1998) . However, visual cues of infection may provide a general "sickness" cue and include behaviour, which host animals are able to modify in the short term to conceal their disease (e.g. Lopes, Adelman, Wingfield, & Bentley, 2012). Chemical cues potentially provide more honest, less easily manipulable information about health, which may also be specific to the disease-causing agent: Guppies may therefore respond differently to cues across these sensory modalities.
We here test the prediction that social hosts display risksensitive avoidance of infected conspecifics that pose the highest risk of transmission. We presented uninfected "test" guppies with a dichotomous choice between the cues (visual or chemical, presented separately) of G. turnbulli-infected and uninfected conspecific "stimulus" fish. Uninfected guppies avoided both chemical and visual cues of infected conspecifics only in the later stages of infection. Models developed from a transmission experiment using this system (Stephenson et al., 2017) predicted that both transmission speed and the number of parasites transmitting increase through the course of the infection on the stimulus fish. Indeed, days on which the predicted risk was highest were those on which avoidance was strongest. These results comprise the first demonstration that infection-avoidance behaviour is sensitive to present infection risk (β c and β p are negatively correlated) and therefore highlight a potentially important and under-studied source of variation in infectious disease transmission.
| MATERIAL S AND ME THODS

| Host and parasite origin and maintenance
We used wild-caught guppies and their laboratory-bred descendants from the Caura River, Trinidad, and a single strain of the parasite Gyrodactylus turnbulli (Gt3). Guppies were housed at low densities in 70 L aquaria at 24 ± 1°C, on a 12-hr light: 12-hr dark lighting schedule (overhead fluorescent lighting), and fed daily on Aquarian ® flakes, supplemented with Artemia and bloodworm. Gt3 was originally isolated from an ornamental guppy and has been maintained on inbred ornamental stocks ("culture fish") in the laboratory since 1997.
| Chemical and visual cue production
We used F1 laboratory-bred virgin females to produce the chemical and visual cues of infection. These "stimulus pairs" (uninfected vs. infected, n = 28 pairs) were size-matched ± 1 mm. Recently killed infected Gt3 culture fish were placed in close proximity to the anaesthetized (0.02% tricaine methanesulphonate; MS222; PHARMAQ Ltd., Fordingbridge, UK) stimulus fish until two parasites had transferred, as observed under a dissecting microscope and fibre optic illumination. The stimulus fish were revived and housed individually in 1-L tanks, and the number of parasites infecting each was counted under anaesthetic every other day. As a handling control, uninfected stimulus fish were also anaesthetized and held individually in 1-L tanks. All tanks were maintained under standard conditions and received 100% water exchanges every other day. We exclusively used female guppies as stimulus fish because male guppies typically have complex and highly polymorphic colour patterns that affect how both male and female conspecifics respond to them (reviewed in e.g. Houde, 1997) . By only using females, therefore, we avoided the substantial challenge of standardizing male colour patterns among and between pairs.
The pairs of infected and uninfected fish were used to produce chemical stimuli for the behavioural trials. Due to a change in experimental design, chemical cues were produced either in batches or pairs. During the production of each batch, five fish were held individually, each in 500 ml of dechlorinated water in food grade plastic containers for 24 hr. Fish were not fed during this isolation.
These 500 ml fish conditioned water samples were then mixed and frozen in 150 ml aliquots at −20°C. During the production of paired chemical cues, the same protocol was followed except that the samples from each stimulus fish were kept separate (see Supporting Information Appendix S1: Table S1 for more details).
| Avoidance behaviour experiment
We exposed uninfected guppies ("test fish") to the chemical (n = 87) and visual (n = 83) cues of the stimulus pairs. All test and stimulus fish were unfamiliar to one another, that is they had never been in the same or adjacent stock tanks. We manipulated the length of time the infected stimulus fish had been infected and measured the avoidance behaviour elicited in the test fish. We used a 30 × 60 cm tank, filled to 5 cm water depth (Supporting Information Appendix S1: Figure S1 ). At one end of the tank, we placed two glass cylinders with adjacent Nalgene We used different measures of association for the two senses to accommodate inherent differences between them: chemical cues could be detected across the whole side of the tank, while visually mediated preference is typically measured in time spent in proximity to the stimulus fish (Houde, 1997) . For chemical cue trials, therefore, we used the proportion of the 10-min test period that test fish spent on the side of the tank that received the cue of the uninfected fish.
For visual cue trials, we used the proportion of time test fish spent on the side of the "end zone" next to the uninfected fish out of the total time (out of the 10-min test period) that test fish spent in the end zone (Supporting Information Appendix 1: Figure S1 ).
| Predicting transmission risk
To predict the transmission risk posed by the infected stimulus fish on each day of infection on which they were used as stimuli, we used models built on data from a transmission experiment using this system (for detailed methods and results see Stephenson et al., 2017) .
In brief, we experimentally infected parasite-naïve laboratory-bred females descended from guppies caught in the lower Aripo River, Trinidad ("donors," n = 60), using the methods and Gt3 parasite strain described above. We exclusively used female fish in this experiment to minimize variation in transmission attributable to the differences in behaviour between male and female guppies. We housed the donors individually in 1-L tanks and allowed them to develop natural variation in infection loads. On Days 5 and 12 of infection, parasitenaïve female "recipients" were size-matched to the donors±2 mm and added to the tanks. The number of G. turnbulli parasites on both donor and recipient was recorded daily. Once transmission had occurred, the recipient was removed from the tank. We thus observed 105 transmission events and used the data to construct generalized linear mixed models (GLMMs) explaining variation in how quickly transmission occurred ("transmission speed") and how many parasites transmitted ("transmission load"). The best-supported model for transmission speed included only the donor's infection load at the time of transmission and that for transmission load included donor infection load, donor infection integral (i.e. the area under the curve of its infection load over time) and the day of infection of the donor (Stephenson et al., 2017) . Using these models and the infection load, infection integral and day of infection on which they were used, we obtained the model predictions of the transmission speed and load of the stimulus fish in the behavioural experiment.
To accommodate the substantial uncertainty around these predicted values, we simulated the predictions 1,000 times for both models (Nicolaus et al., 2012) .
| Data analysis
We analysed the data using r 3.3.1 (R Core Team 2016) and provide the data, script and output in Supporting Information Appendix S1.
We We also included the year in which the tests were conducted, which encompassed changes in test fish generation (wild-caught parental vs. laboratory-bred F2) and in stimulus production method (batch vs.
pair; see Supporting Information Appendix S1: Table S1 for more details). We included the two-way interactions between test fish sex, cue type (visual or chemical), day of infection and infection integral about which we had a priori hypotheses. The identity of the stimulus pair used in a trial was included as a random term as each was used on multiple days. The full output of this model is presented in Supporting Information Appendix S1.
We used GLMMs to test whether the predicted transmission speed and transmission load of the stimulus fish increased through time. Both for models testing transmission speed and transmission load, we included day of infection as a fixed effect and the stimulus pair identity as a random effect to control for the fact that each was used on multiple days (Gamma error family, log link function in lme4; Bates, Maechler, Bolker, & Walker, 2015) . We applied these models to each simulation of the values predicted by the transmission models, resulting in 1,000 estimates each of how transmission speed and transmission load change through the course of infection on the stimulus fish. We here present the mean and bootstrapped 95% confidence intervals of these values. Where the confidence intervals do not bound 0, transmission risk changes significantly through time.
| RE SULTS
The full output and model fits for all models are given in Supporting Information Appendix S1. The length of time the stimulus fish had 
| D ISCUSS I ON
We tested whether natural selection has driven the evolution of infection-avoidance behaviour that could potentially optimally balance the costs and benefits of sociality. In a dichotomous choice test, uninfected guppies avoided both the visual and chemical cues, presented separately, of Gyrodactylus turnbulli-infected conspecifics only in the later stages of infection (Figure 1) . Predictions of the transmission risk posed by these infected conspecifics from models built on data from a transmission experiment using this system (Stephenson et al., 2017) illustrated that this avoidance behaviour tracked transmission risk through time, such that those that posed the highest predicted risk were most strongly avoided (Figure 2 ).
Our data represent unique empirical evidence that the two components of the effective contact rate β (contact rate, β c , and infectiousness, β p ) covary quantitatively, rather than as a binary comparison of infected and uninfected individuals.
Both chemical and visual cues for avoidance behaviour may be primarily derived from the host and its response to the parasite, rather than from the parasite itself. This suggestion is based on two observations. First, stimulus fish infection duration, rather than infection load, was the most important predictor of avoidance behaviour in this study. Second, guppies that have imprinted on the chemical cues of conspecifics experiencing G. turnbulli-induced disease, but that have been parasite-free for over a month, preferentially associate with the chemical cues of conspecifics in the late stages of G. turnbulli infection (Stephenson & Reynolds, 2016) .
There thus appears to be a host-derived chemical cue of G. turnbulliinduced disease that elicits behavioural responses in conspecifics.
F I G U R E 2
The predicted speed (in days) at which transmission would occur (a), and the number of parasites transmitting (b) from the stimulus fish increased through the course of infection and covaried with the avoidance behaviour they elicited. The points give the values (mean of 1,000 simulations ± 1 standard error) predicted by models built on data from 105 transmission events (from the experiment presented in Stephenson et al., 2017) and using the infection load, infection integral (i.e. the area under the curve of its infection load over time) and day of infection of the stimulus fish in the present experiment. Thick lines denote the median values, boxes the first and third quartiles and whiskers extend to the largest and smallest value within 1.5× the interquartile range. The shading of the boxes denotes the mean behavioural avoidance elicited by the stimulus fish on each day of infection, as given by the scale bar (raw data in Figure 1 ). One outlying data point (with a mean predicted transmission load of 90) has been omitted from (b) for clarity [Colour figure can be viewed at wileyonlinelibrary.com] Parasite-derived cues may not elicit a response because directly transmitted parasites are under strong selection to conceal their presence on the host, thereby increasing their chances of transmitting to new hosts (Poulin, 2007) . Indeed, malaria parasites strategically control the emission of chemical cues to maximize their fitness, attracting vectors particularly strongly when they are ready to transmit (Cornet, Nicot, Rivero, & Gandon, 2013; De Moraes et al., 2014) .
Infectious hosts should also be under strong selection to disguise their infection in order to continue benefitting from group living and to increase their relative fitness by transmitting parasites to unrelated group mates. In other systems, hosts conceal pathology and sickness behaviour (Lopes et al., 2012) , and early in infection, the guppies in our experiment also appear to do so successfully and are even marginally more attractive than their uninfected counterparts.
This counterintuitive observation may be due to the infected stimulus fish interacting more with the test fish or having a generally higher activity level than the uninfected fish; infected fish tend to initiate more social interactions in semi-natural conditions (Croft et al., 2011) .
The many potential cues of infection likely become increasingly difficult to suppress through the course of infection: In our data, a critical threshold in cue composition or concentration appears to be reached after 15 days of infection. One component may be alarm cue, a chemical released from fish skin damaged during predation events and infection (Poulin, Marcogliese, & McLaughlin, 1999) , which elicits avoidance behaviour in guppies and many other species (Brown, Macnaugthon, Elvidge, Ramnarine, & Godin, 2009 and references therein). Other chemical cues may be related to epithelial cell composition or mucous chemistry, both of which change during the course of gyrodactylid infection (Buchmann & Lindenstrøm, 2002; Gheorghiu, Marcogliese, & Scott, 2012) . The parasite itself may use chemical cues from the host, or conspecifics, to determine when the benefits of transmission outweigh the risks (Stephenson, 2012; Stephenson et al., 2017) : Such cues may therefore accurately reflect the real-time probability of parasite transmission. The visual cues of infection also become more obvious as the infection progresses. For example, guppies may display clamped fins, paleness and difficulty swimming (Kennedy et al., 1987) . In addition, during later stages of infection, gyrodactylid-infected guppies attempt to "rub up" against shoalmates (Croft et al., 2011) . This abnormal behaviour itself, and the opportunity it provides shoalmates to sample the host's chemical and visual cues at close range, potentially explains their observed avoidance by conspecifics in semi-natural conditions (Croft et al., 2011) . Indeed, it is likely to be the abnormality of these cues, rather than what they signify, that guppies avoid (Stephenson & Reynolds, 2016) .
If the cues of infection are indeed host-derived and independent of infection load, as our data suggest, the infection-avoidance behaviour they mediate could be widespread in natural populations despite the relatively low infection loads observed in field surveys (Stephenson, van Oosterhout, Mohammed, et al., 2015) . Further, while the cues in our experiment were presented separately, in natural settings, guppies are likely often in receipt of both. Together, they could have an effect equal to that of either cue alone or the response could be greater (Partan & Marler, 2005) ; guppies are more attentive to visual cues when in receipt of chemical cues (Stephenson, 2016) .
In avoiding infected individuals, guppies in natural populations also benefit from avoiding predators that might use the same cues to find relatively easy prey . Indeed, ostracizing infected individuals, thereby facilitating their capture by predators, may have the added benefit of reducing population-level parasite prevalence and intensity (Packer, Holt, Hudson, Lafferty, & Dobson, 2003) and thus the per capita infection risk. In a further contrast with the natural setting, we constrained the stimulus fish in this experiment, but previous work on this and other systems suggests that infection may increase or decrease their attempts to interact (Croft et al., 2011; Lopes, Block, & König, 2016) . Future work should elucidate how the behaviour of infected and uninfected hosts interacts with the infectiousness of infected hosts in driving disease transmission.
Our results highlight the importance of accounting for the feedback between host and parasite during the infection process in modelling the spread of infectious diseases ): a particular pitfall if basing such inference on empirically derived static social networks of uninfected animals (e.g. references in Rushmore, Bisanzio, & Gillespie, 2017) . Modelling approaches provide one solution to this issue by incorporating the uncertainty associated with the codynamics of network structure and infection into static models, offering insight where the interplay is an empirical unknown (Silk et al., 2017) . However, we have shown that disease can have a quantitative, nonlinear effect on the contact behaviour of social animals, indicating that using dynamic models explicitly incorporating this feedback between infection and behaviour will likely improve predictions (Farine, 2017) . The relationship between β c and β p may also drive evolutionary change in both host and parasite. For example, heritable variation between uninfected hosts in their ability to avoid infected conspecifics (Zylberberg et al., 2013) , and between infected hosts in their ability to transmit the parasite (Boots, White, Best, & Bowers, 2012) , can shape the evolution of host defence mechanisms. In addition, disease transmission and the interactions between infected and susceptible hosts drive the evolution of parasite virulence (e.g. Lion & Boots, 2010) . In the light of its potentially profound importance for the evolutionary ecology of disease, further empirical and theoretical consideration of the relationship between β c and β p and the factors affecting it are sorely needed. 
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